plexation processes before intestinal uptake are not well understood. Yet, these phenomena in the gut lumen Soil ingestion is an important exposure route by which immobile require further study as they largely influence the extent soil contaminants enter the human body. We assessed polycyclic aromatic hydrocarbon (PAH) release from a contaminated soil, conof oral bioavailability of soil-bound contaminants. The taining 49 mg PAH kg Ϫ1 , using a SHIME (Simulator of the Human released fraction of contaminants that is available for
S
oil ingestion is an important human and animal digestive solution and found that PCB mobilization exposure route for environmental contaminants from a surrogate soil-consisting of 10% peat, 20% with typical human soil intake between 1 and 500 mg kaolin clay, and 70% sand and prepared according to d Ϫ1 (Brunekreef et al., 1987; Calabrese et al., 1997a , Organisation for Economic Co-Operation and Develop1997b; Stanek et al., 1997; Vanwijnen et al., 1990) . Sitement (OECD) Guideline 207-was largely influenced specific risk assessment studies incorporate soil ingesby the presence of bile salt micelles. They characterized tion with a maximal daily intake of 50 and 150 mg soil PCB aggregates with bile salt micelles or proteins as d Ϫ1 for adults and children, respectively (USEPA, 1997) . determined in a supernatant after 5 min at 3000 ϫ g, However, high soil ingestion rates might impose a larger as bioaccessible. health risk for pica-afflicted children, who, due to their Investigating desorption processes in the gut of oligounusual hand-to-mouth behavior, occasionally ingest sevchaetes, other invertebrates, fish, rodents, and other eral grams of soil with reported intakes of 5 to 60 g d Ϫ1 mammals is useful for relevant tests of oral bioavailabil- (Calabrese et al., 1997a) . Concerning the toxicology of ity (Gomot-de Vaufleury and Pihan, 2002 ; Koganti et contaminants as such, the intestinal absorption and hepatic al., 1998; Loonen et al., 1997; Oste et al., 2001 ; Yan and biotransformation of bioavailable xenobiotics have been Wang, 2002; Willett et al., 2001 ). However, contaminant intensively studied. However, the desorption and comrelease and complexation processes inside the GI tract are unknown mechanisms in these in vivo studies. More- vitro digestion models that mimic the human GI tract 51Њ12Ј26″ N, 3Њ48Ј20″ E).
can elucidate these phenomena. These models, based on the physiology of humans, are generally more simple, less time-consuming, and especially more reproducible Digestions than animal tests. Such tests simulating stomach, small Three different digestion processes of the human GI tract intestinal digestions (Hack and Selenka, 1996; Jin et al., were simulated and compared with one another. The amount 1999; Oomen et al., 2000; Ruby et al., 1996) , and intestiof soil subjected to the different digests was 20 g. An overview nal transport through Caco-2 tissue cultures have been of the different soil digestion types is given in Table 1. described before (Oomen et al., 2001 ) and could provide a rapid and inexpensive method for developing more
Stomach Model
accurate exposure estimates for use in human health In a first model, simulating the stomach, the effects of pH risk assessments. The Simulator of the Human Intestinal and liquid to soil ratios (L/S, volume/mass) were studied, as Microbial Ecosystem (SHIME) effectively models the well as the influence of food components on PAH release. A human intestinal tract (Molly et al., 1993 (Molly et al., , 1994 and salt solution (200 mL) containing 0.1 M KHCO 3 and 0.1 M is an automated and robust multistage reactor that is NaCl was applied to 20 g of soil. This solution at L/S 10 was amenable to bioavailability estimates. This computeracidified with 1.3 mL 5 M hydrochloric acid to a final measured controlled dynamic model consists of five compartpH of 1.5 after which porcine pepsin (Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 10 mg pepsin L Ϫ1 ments, with each compartment vessel simulating a difsoil suspension. The soil suspension was stirred at 150 rpm ferent part of the GI tract from the stomach and small for 2 h at 37ЊC. Acidity effects were evaluated by using only intestine to the proximal and distal part of the colon water as a diluent in the stomach. This treatment is comparable (Avecom, 2004) . The SHIME reactor differentiates itwith the German standard method DIN 38 414 S4 for leachself from other in vitro intestinal models, because it ability of soils with water (German Standardization Institute, comprises the entire GI tract taking into account the 1984). Influence of L/S using the normal salt, acid, and pepsin enzymatic processes in the stomach and duodenum and concentrations was assessed using L/S of 2, 10, and 40. The the different characteristics of the microbiota along the amount of soil tested, 20 g, stayed the same. Large enough colon reactors. Models such as these allow one to investidigest bottles were taken to provide the same stirring effigate the biochemical and physical processes contributciency in all digests as a difference in mixing intensity could have influenced the release of PAHs from the soil matrix.
ing to PAH release inside the human GI tract.
The L/S of 10 and 40 correspond to a daily soil ingestion of In this research, we investigated intestinal desorption 20 and 5 g, respectively, during fasting conditions. The L/S of processes of PAHs in the case of high soil ingestion 2 was not derived from physiological data, but served as an rates. We subjected a PAH-contaminated soil from a additional data point to study the influence of L/S on PAH recreational area to batch experiments from the SHIME release at low L/S. The influence of food was assessed by model and monitored the released PAH amount as obadding liquid nutrition at a L/S of 40. The nutrition consists served in the stomach, the first part of the small intestine of a carbohydrate-based medium containing, per liter: 5 g (duodenum), and the large intestine (colon). AdditionNutrilon and 3 g potato starch (Nutricia, Bornem, Belgium), ally, a mathematical model was developed from a model 1 g arabinogalactan, 2 g pectin, 1 g xylan, 0.4 g glucose, 4 g compound to help us understand how much PAHs and mucin and 0.5 g cystein from Sigma-Aldrich, 3 g yeast extract, and 3 g pepton from BD (Franklin Lakes, NJ). Nutrilon is which PAH complexes were formed during digestion. nutrition for small children, which consists of lactose (56%), This model was evaluated against observed data from fat (12%), and casein (10%).
the different digestion steps of a contaminated soil. Our intent was to combine digestion and mathematical modDuodenum Model els to elucidate release and complexation mechanisms of soil-bound contaminants inside the pica child's GI Although intestinal bacteria are present in the last part of tract and thereby give an indication of what fraction of the in vivo small intestine (ileum), the duodenum digestion soil-bound contaminants will be bioaccessible. model focuses on enzymatic activities, bile salts, and dissolved organic matter (DOM) complexation processes. Twenty grams of soil, which had already gone through a L/S 10 stomach
MATERIALS AND METHODS
digestion without any centrifugation step, were supplemented with 100 mL pancreatic juice containing 12.5 g L Ϫ1 NaHCO 3
Soil Sampling and Characterization
(resulting in a measured pH of 6.3), 6 g L Ϫ1 Oxgall (BD), and The top 0 to 6 cm of a soil was sampled from a recreation 0.9 g L Ϫ1 porcine pancreatin powder (Sigma-Aldrich). The park in Zelzate, Belgium, which was contaminated with PAHs different pancreatic juice components were added separately after 20 yr of atmospheric deposition from nearby industry.
or in combination to differentiate between PAH release due The soil samples were dried for 24 h at room temperature, to the presence of bile salts, proteins, or complexes with DOM homogenized, and stored until analysis at 4ЊC in the absence or particulate organic matter. These small intestinal soil susof light. Small rocks and plant material were removed by pensions were stirred at 150 rpm for 5 h at 37ЊC. The resulting sieving (2 mm) before analysis. Soil organic matter content L/S was 15. was 3.3% and determined by loss of mass on ignition in a muffle oven at 360ЊC for 2 h (Storer, 1984) . The soil pH (H 2 O)
Colon Model was measured according to Black et al. (1965) using a 1:10 soil to water suspension and was 6.5. The soil contained 94%
Mobilization mechanisms influenced by gut microbiota were investigated in the colon digestion model. The small sand, 4% silt, and 2% clay and was classified as moderate intestine digest suspension containing 20 g of soil with an L/S of 15 was supplemented with 100 mL of SHIME suspension containing microbiota in a representative concentration and composition for the human colon (Simon and Gorbach, 1995) . Total anaerobe and aerobe concentrations were 8.4 and 7.8 log colony forming units (CFU) mL Ϫ1 and included microbiota such as Lactobacilli, Bifidobacteria, Enterococci, Fungi, Staphylococci, and Clostridia. This colon digest was incubated at 37ЊC and stirred at 150 rpm for 18 h. The resulting L/S was 25.
Sample Centrifugation and Polycyclic Aromatic Hydrocarbon Analysis
During the different digestions, PAHs can be mobilized and subsequently complexed with several compounds such as bile salts, DOM, or particulate organic matter. We used a 1500 ϫ g centrifugation speed during 5 min to spin down aggregates larger than 5 m. This was calculated with the Stokes equation using the centrifugation parameters. Upon centrifugation, supernatants and pellets were analyzed for PAH content. In the colon model, bacteria were present, also. To account for PAH adsorption to bacterial biomass, the colon samples were subsequently centrifuged at 3000 ϫ g for 5 min, which roughly spun down small complexes with a 1.5 m diameter as calculated with the Stokes equation (Stokes, 1851) . Sample treatment for and determination of PAHs were performed by the Environmental Research Center (Erembodegem, Belgium). Briefly, PAHs from pellets were extracted by a 1:1 acetone and hexane mixture using an accelerated solvent extractor (Model 200; Dionex, Sunnyvale, CA). The PAHs from supernatants were extracted with dichloromethane. Analysis of the PAH content in the extracts was performed according to a standardized method (Method 8270; USEPA, 1996) by gas chromatography coupled with mass spectrometry (GC-MS). The MS detector used was a quadrupole mass spectrometer (Trace-MS; Thermo Finnigan, San Jose, CA). The detection limit for the different PAH components was 0.2 g L Ϫ1 . The quantification limit was 0.4 g L Ϫ1 . The extraction efficiency of the sample preparation step before PAH analysis was between 80 and 110%, as determined with the reference soil CRM535. Organic matter content in the supernatants was assessed according to standardized method NBN 357.02 (Greenberg et al., 1992) . Briefly, this method consists of determining the loss of mass in the samples after they were heated at 600ЊC during 4 h.
Study of Polycyclic Aromatic Hydrocarbon Complexation Mechanisms
The diversity of components in the intestinal suspension makes the study of mobilization and complexation processes in the GI tract difficult. We considered the presence of bile salts, DOM, and particulate organic matter as key factors in the release and complexation of PAHs during digestion and selected a single model compound for each of these factors. We prepared 320 samples in which the three model compounds were mixed in different concentrations. The first model compound, indicated with the letter A, was a fluorescent PAH derivative, 9-anthracene propionic acid (CAS no. 41034-83-7; Molecular Probes, Leiden, the Netherlands). This molecule could be used for epifluorescence analysis as it absorbs light at 366 nm and emits at 414 nm. Due to the presence of the propionate group, the pK a value of this compound was 4.6 as calculated by Solaris Version 4.67 software (Advanced Chemistry Development, 2001) . At a pH of 6, the log organic carbon partitioning coefficient (K OC ) value was estimated to be 2.4, which was found hydrophobic enough to serve as model compound for low molecular weight PAHs that adsorb to the natural logarithm for pellet and supernatant PAH amounts and the arcsine transformation on PAH release fractions. organic matter. The solubility was estimated to be 0.497 mg L Ϫ1 (EPI Suite; USEPA, 2004), which is higher than 0.0434 mg
Comparison of means was tested with a one-way analysis of variance (ANOVA) using the F test. In case the assumption L Ϫ1 for anthracene. The 9-anthracene propionic acid was used at concentrations of 0.01, 0.5, 10, and 100 mg L Ϫ1 . To study of equal variances did not hold, the Welch test was used. For supernatant analysis, transformed data were not normally interaction with organic matter, a culture of Bacillus subtilis was prepared as previously described (Daughney and Fein, distributed. The nonparametric Kruskal-Wallis test was used on the nontransformed data to compare means. Correlation 1998) and supplemented in concentrations of 0, 0.06, 0.12, 0.31, 0.61, 1.22, 1.83, and 3.05 g organic C L Ϫ1 . This organism of release fractions between digest types were performed using the nonparametric Spearman's rho test. A general significance has been used as a standard to study contaminant interactions with particulate organic matter (Daughney and Fein, 1998) . level of 0.05 for all tests was chosen. Apart from particulate organic matter, this culture also contained DOM under the form of nutritional compounds or with the release in the duodenum (0.12%) and colon cence data were used to calculate distribution coefficients, K d , which give an idea how the PAH analogue is distributed over (0.3%) (Table 1) . Surprisingly, increasing the pH from the different possible complexes that could be present in the 2 to 7 had no effect on PAH release whereas increasing mixture. This is explained in more detail in Eq. [3] [4] [5] ances were performed using the Shapiro-Wilkes and Levenes ‡ Park soil PAH concentration is higher than the Flemish soil remediation directive.
test. Non-normally distributed data were transformed using We postulated that the effect of L/S on PAH release all digests with a value of 0.10%. Yet, the organic matter content in these duodenum and colon digests was higher was due to variations in dissolved organic matter. This was confirmed by the fact that addition of food comthan that in the water and stomach digestions (Table 1) . This suggested that complexes were formed that can pounds almost doubled PAH release of a stomach L/S 40 digest from 0.83 to 1.4% (Fig. 2) 
Study of Polycyclic Aromatic Hydrocarbon
fuged, but sedimented for 30 min, the PAH content
Complexation Mechanisms
reached the value of 0.43%, which is more than two times greater than that observed during centrifugation
In our attempt to clarify the different complexation mechanisms in the in vitro GI tract, we used three model (Fig. 2) . Similarly, the PAH content in the colon extract, spun down at 3000 ϫ g, was the lowest observed among compounds and mixed them at different concentrations. lated by dividing fluorescence intensity by fluorescence intensity. Multiplying these partial equilibrium constants from Table 3 again yields the overall equilibrium distribution coefficient according to Eq. [5] . The log value of the overall distribution coefficient K d as ob- (SD ϭ 0.59).
The highest partial distribution coefficient, 1.02, was The three compounds were analogues for low molecular found for the complex between PAH and bile (Table 3) . weight PAHs (9-anthracene propionic acid), bile salts Organic matter complexation was also an important (cholin), and organic matter (Bacillus subtilis culture).
factor in PAH complexation with a K value of 0.068. The PAH analogue was fluorescent, which enabled us However, tertiary reactions (i.e., the combination of bile to rapidly screen for PAHs in the supernatant of the salts and organic matter in one complex with PAHs) mixtures. We developed a model based on three operaalso contributed substantially with K ABO complex values of tional definitions. Polycyclic aromatic hydrocarbons 0.043 and K ABO bound of 0.084. present in the 3000 ϫ g supernatant were free PAHs or PAHs in small complexes, PAHs present in the 1500 ϫ g
Evaluation of the Mathematical Model:
supernatant were complexed PAHs in larger complexes,
Comparison between Predicted and
and PAH in the pellet were bound PAHs in large aggreObserved Data from the gates (Fig. 3) dicted values) from the field soil in the different digesFrom this equation, the overall equilibrium distribution types (observed values). The slope of the predicted tion constant can be calculated as follows:
versus observed plot was 1.08, while the intercept, Ϫ0.61
, indicated a slight underestimation of release (Fig. 4) [5] in the different complex types. It should be noted that the model only describes how desorbed PAHs are comThe different K values are the equilibrium constants for the respective partial equations. These values were plexed and that it does not take into account PAHs still bound to the soil matrix itself. calculated for the mixtures in which two or three model compounds were combined at different concentrations For example, in the presence of only pancreatin, 84% of the PAHs in the model remain in a supernatant after (Table 3 ). The fluorescence analysis returned some variability resulting in K values with rather large variances centrifugation at 1500 ϫ g and this would be divided between complexes (73%) and DOM (11%) ( Table 4) . but fairly constant values over the concentration range tested. The K values were unitless as they were calcuFifteen percent of the PAHs would stay behind as bound aggregates in the 1500 ϫ g pellet. In case bile salts alone
Release of Individual Polycyclic Aromatic
are added, only 60% of the PAHs would be present
Hydrocarbon Compounds
in the 1500 ϫ g supernatant, partitioned over micelles No significant differences in release were observed (19%), DOM (3%), and complexes suspended in the between different digestive compartments for individual supernatant (38%), whereas 40% of the PAHs would PAHs (Fig. 5) , except for higher naphthalene release remain in the pellet. Accordingly, these findings correin water (p ϭ 0.025) and colon (p ϭ 0.039) digests. spond in a proportional way to the PAH amount in the However, if the PAHs are grouped into high (Ͼ0.012 mg 1500 ϫ g supernatant of the pancreatin (0.57% PAH L Ϫ1 ) and low (Ͻ0.012 mg L Ϫ1 ) solubility groups, the release) and bile salt (0.19% PAH release) digests low-solubility PAHs were mobilized to a greater extent ( Table 1) . As a second example, the model predicts than would be expected from their solubility. Logically, that in the colon a much bigger proportion of desorbed PAH release would decrease with decreasing solubility, PAHs would be present in larger complexes (51%) that which was indeed the case from naphthalene to benzospin down at 3000 ϫ g but not at 1500 ϫ g. Only 13%
(a)anthracene. The individual PAH release, however, of the released PAHs would remain in the 3000 ϫ g increased again with decreasing solubility from chrysene supernatant, divided between bile salts (7%) and DOM on to the most hydrophobic PAHs, like benzo(ghi)pery-(6%). Proportionally, the colon digestion results gave lene. Other common molecular descriptors such as hyrise to comparable observations to the model predicdrogen to carbon ratios, molecular weight, molecular tions, where 0.10% of the PAHs remained in the 3000 ϫ surface area, and log octanol-water partitioning coeffig supernatant, whereas 0.30% of the PAHs were present in the 1500 ϫ g supernatant (Table 1) . cient (K ow ) values of the individual PAHs were evalu- The complexation phenomena are not merely a pre-R 2 ϭ 0.92 [6] requisite to uptake by blood or lymph, but are the dominant factors that influence the PAH fraction that can where S ϭ solubility in mg L Ϫ1 .
be taken up through the small intestinal wall. Understanding the distribution of PAHs in different com-
DISCUSSION
plexes along the human GI tract may explain the differential toxicity observed for ingested PAHs. For example, The combination of digestion experiments and the five-or six-ring PAHs are better inducers of arylhydrodevelopment of a predictive model in this research gave carbon (AhR) biotransformation enzymes in the duodemore insight on PAH mobilization from a soil matrix num, whereas three-or four-ring PAHs are more prone in the human digestive tract. Contaminant mobilization to induce AhR in the liver (Hrudey and Rousseaux, from a soil matrix and subsequently complex formation 1996). Our model successfully predicted PAH release in the gastrointestinal tract are crucial first steps in the during passage through the SHIME but neither the assessment of oral bioavailability, yet the understanding SHIME nor any other gastric simulator is currently able of these processes is incomplete.
During intestinal digestion, PAHs desorb from the to mimic the highly dynamic and active gut epithelial. soil matrix and they can be divided into three groups. A first group comprises bound PAHs, mobilized from Digestions the soil, but adsorbed to large aggregates that spin down This study indicated that PAH ingestion from conat 1500 ϫ g. A second group embodies complexed PAHs taminated soil may be hazardous. Polycyclic aromatic with bile salts and/or organic matter, which stay sushydrocarbon mobilization from a low-contamination pended after a 1500 ϫ g centrifugation step, but spin soil yielded a PAH concentration in the chyme solution down at 3000 ϫ g. Finally, the third group remains in ranging from 2 to 23 g L
Ϫ1
, which is 20 to 200 times solution after centrifugation at 3000 ϫ g and consists greater than the European drinking water directive of of free PAHs and PAHs taken up in small complexes 0.1 g L
, although the latter is not always derived with bile salts or dissolved organic matter. The choice out of toxicological consideration. This occurred at L/S of distinguishing these three groups merely relies on between 10 and 40, which are lower values compared providing more insight on contaminant mobilization and with the ratios of 60 to 1000 used in previous studies complexation processes in the gut. They are not based (Hack and Selenka, 1996; Holman et al., 2002 ; Oomen on physiologically relevant values. However, the latter group, comprising the free PAHs and PAHs in small et al., 2000), but comparable with the L/S experienced by pica children during fasting conditions. These L/S
Mathematical Model
are derived from a hypothetical soil ingestion of 20 g, We developed a model with which the interactions a chyme production of 40 mL h Ϫ1 , and a residence time of analogues for PAHs, bile salts, and organic matter of 8 h during the passage through stomach and small were studied. The obtained equilibrium constants (K intestine. During fasting conditions, the chyme producvalues) could be compared with one another and altion drops to 40 mL h Ϫ1 , whereas 250 mL h Ϫ1 is produced lowed us to gain more insight to what extent and in while eating (Paterson et al., 2000) . An acute exposure what complex types PAHs were present in a modeled to 20 g soil d Ϫ1 would yield an L/S of 16 while fasting intestinal suspension. These distribution constants thus and 100 while eating. Our data are derived from very have no direct physical significance that could be used high ingestion rates and the high concentrations indicate for other contaminants or other soil types. that ingestion of soils, even at low contamination levels,
In our experiments, we found that bile salts and dismay be hazardous for pica children as a risk group solved organic matter interacted during the mobilization of high concern. The influence of L/S on contaminant process of soil-bound PAHs. This is supported by Oorelease has thus far only been investigated in vitro to men et al. (2000), who found higher lindane and PCB mimic ingestion of metal-contaminated soils by adults, mobilization rates in a 3000 ϫ g supernatant at higher covering an L/S range of 100 to 5000 (Hamel et al., bile salt and protein concentrations. They also used sev-1998). Only a slight influence of L/S on metal release eral mixtures of these compounds to calculate the distriwas observed. Although the L/S of 2 from this research bution coefficients for the formation of PCB complexes. was not derived from physiological data, we considered This method worked for the free PCB fraction present this data point together with the L/S 10 and L/S 40 in the 3000 ϫ g supernatant. However, it did not incorstomach digests to study the influence of L/S on PAH porate the formation of larger complexes combining release at L/S ranges below 100. Concerning the level bile salts and dissolved or particulate organic matter, of soil contamination as such, this should not be undertypically encountered in the large intestine. By including estimated as indicated by an atmospheric deposition of and calculating the formation of these intermediate PCBs or PAHs up to 20 g m Ϫ2 d
Ϫ1 in an urban area complexes, the mathematical model accurately (8% (Sanders et al., 1992 (Sanders et al., , 1993 . This contamination route overestimation) and closely (R 2 ϭ 0.8) predicted obwas considered in the recent SOWA project (Halm and served PAH concentrations released from soil conGrathwohl, 2003) and indicates that ingestion of soils, taining aged PAHs. By simplifying the complicated inespecially by pica children, is a relevant issue to investestinal suspension, using three standard components, tigate.
our model could not only predict PAH release from a The release percentage of the PAH compounds from field situation, but it also gave an idea about the types the soil matrix was low, 0.1 to 1.4%, and can be comof complexes being formed. Normally, PAHs as free pared with the 0.5 to 2% GI solubility that Holman et compounds or complexed in bile salt micelles can be al. (2002) obtained with an in vitro fasting digestion taken up through the gut wall. Which fraction of PAH of crude-oil-contaminated soils. Kö gel-Knabner et al.
complexes is absorbed through the intestinal wall de-(2000) assessed the aqueous mobilization of PAHs in pends on the complex size. As the small intestine also aged soils and got similar release values of 1 to 3%. They contains some Peyer's Patch cells able to take up partifound the mobilization process was highly dependent on cles of a few micrometers in size, PAHs in small comorganic matter content and ionic strength of the aqueous plexes can be taken up in a small amount through the solution. These values are much lower than those obsmall intestinal wall. Thus, the amount released and served by others (10-60%), investigating release of hyalso the type of complex formed are important for the drophobic organic contaminants during in vitro digestoxicity of released PAHs. We were able to directly tion of freshly contaminated soils or Organisation for evaluate the accuracy of the model for PAH release Economic Co-Operation and Development soils (Hack but we lack direct spectroscopic data to confirm PAH and Selenka, 1996; Oomen et al., 2000) . Our results are complexation in the human gut. derived from a historically contaminated soil, which may explain this discrepancy due to possible aging effects.
Differences in Polycyclic Aromatic
Polycyclic aromatic hydrocarbon release, identified
Hydrocarbon Compound
as the fraction present in the 1500 ϫ g supernatant of the digests, changed significantly as digestion proceeded Although empirically obtained, differences in release from stomach to large intestine. The parameter that between PAHs were best described by a quadratic influenced this release the most was the organic matter model (Eq.
[6]). For the low molecular weight PAHs, content in the aqueous phase. Organic matter provides a decrease in release was observed with decreasing soluextra complexation sites for contaminant adsorption.
bility, whereas the release in high molecular weight This same mechanism was described in a study of Oomen PAHs increased with decreasing solubility. While this et al. (2002) and had previously been proposed by Hack trend can be modeled using a quadratic response funcand Selenka (1996) . However, this trend was not obtion, this trend might have been obtained due to measerved in the duodenum and colon digestions, where surement errors. However, what is clear is that PAH higher organic matter content did not lead to higher release does not continue to decrease in concert with PAH release. This necessitated the development of a aqueous solubility. The rationale for this was conceptualized by MacKay and Gschwend (2001), who described more complex model.
